ABSTRACT A study was conducted to investigate the effects of feeding inorganic or organic Zn and Cu on the performance and tissue mineral content of chicks. A corn-soybean meal diet without Cu and Zn supplementation, containing 31 mg of Zn/kg of diet and 6.6 mg of Cu/kg of diet, was used as a basal diet. Organic Zn (a chelated Zn proteinate) and organic Cu (a chelated Cu proteinate) were used as organic sources for comparison with inorganic reagent-grade sulfates. Supplements provided 20 mg/kg of Zn and 8 mg/kg of Cu. A 3 × 3 factorial arrangement of treatments consisting of feeding the basal diet with 3 supplements (none, sulfate, or organic) of Cu and of Zn was used. Ten groups of 6 one-day-old male broilers were assigned to each of 9 dietary treatments. Tap water and feed were supplied on an ad libitum basis during the 3-wk trial. The Zn and Cu content in the mucosa of the duodenum of the chick was determined. Dietary supplementation of Zn increased (P < 0.01) weight gain, feed intake, and G:F of chicks. The G:F for chicks fed both inorganic sources of Zn and Cu was lower (P < 0.01) than that for chicks fed only the inorganic source of Zn. Dietary inclusion of Zn increased (P < 0.01) tibia and plasma Zn content. The tibia Zn content for chicks fed organic Zn was higher (P < 0.01) than that for chicks fed inorganic Zn. Liver Cu content was decreased (P < 0.05) by dietary inclusion of Zn. The Zn and Cu contents in the mucosa of chicks fed the organic source were higher (P < 0.01) than those of chicks fed the control diet. The feed conversion data suggest that the antagonism between Zn and Cu occurred when the inorganic forms, but not organic forms, of these 2 minerals were included in a chick diet.
INTRODUCTION
The antagonism between Zn and Cu has been known for decades (Van Campen and Scaife, 1967; O'Dell et al., 1976; Hall et al., 1979; Southern and Baker, 1983) . High Zn intake inhibits intestinal absorption and hepatic accumulation of Cu and induces clinical signs of Cu deficiency (Ogiso et al., 1974; Fischer et al., 1981; Bremner and Beattie, 1995; Gonzalez et al., 2005) . Similarly, high Cu intake depresses Zn absorption (Van Campen, 1969; Evans et al., 1974) . The competition for mineral-binding ligands and mineral uptake sites in the mucosa of the gut (Oestreicher and Cousins, 1985; Santon et al., 2002) was proposed as the main factor causing an antagonism between Zn and Cu. Some studies also showed that high Zn intake induces a high level of metallothionein in the intestinal mucosa that has high binding affinity for Cu (Hall et al., 1979; Fischer et al., 1983; Santon et al., 2002) . Inorganic mineral sources were used in all of the above investigations. Organic Zn and Cu sources, such as proteinate and amino acid chelate, have been shown to have higher relative bioavailability than that of inorganic mineral sources, such as oxide and sulfate (Wedekind and Baker, 1989; Wedekind et al., 1992; Du et al., 1996; Cao et al., 2000; Guo et al., 2001; Ao et al., 2006) . Among many reported reasons for increased bioavailability of organic minerals are 1) the ring structure of organic minerals protects the mineral from unwanted interactions in the gastrointestinal tract (Wedekind et al., 1992 (Wedekind et al., , 1994 , 2) each mineral in the chelate facilitates the absorption of other minerals in the chelate (Miles and Henry, 2000) , and 3) chelates can be absorbed by different routes (Aldridge et al., 2007) . Previous studies in our laboratory (Ao et al., 2006 (Ao et al., , 2007 showed that a corn-soy diet without supplementation of Zn does not contain enough Zn to support the growth of chicks. Therefore, a practical corn-soy diet with or without supplementation of a marginal level of Zn and Cu as inorganic or organic form was used in this study to investigate the interactive effects of Zn and Cu by observing performance, mineral absorption, and tissue mineral status of chicks.
MATERIALS AND METHODS

Chicks and Diets
One-day-old chicks (males of a commercial female broiler breeder line) were obtained from a local hatchery (Avian Division, Cobb-Vantress, Monticello, KY). Chicks were housed in mesh wire-floored pullet starter cages (61 cm × 51 cm × 36 cm) in an environmentally controlled room. Ambient temperature was maintained at 31°C during the first week and then at 27°C for the remainder of the study. Twenty-two hours of light were provided daily. Each cage had 1 feeder that was coated in plastic and 2 nipple adjustable drinkers. Chicks were given ad libitum access to feed and tap water containing no detectable Zn and Cu (<0.001 mg/L). All procedures were approved by the University of Kentucky Institutional Animal Care and Use Committee.
The corn-soybean meal basal diet (Table 1) , which was fed in mash form, was formulated to be adequate in all nutrients except Zn and Cu (NRC, 1994) . The analyzed Zn and Cu concentrations in the diets were listed in A randomized complete block design was used in this study with blocks based on physical location of the cages within the room. A 3 × 3 factorial arrangement of treatments with 3 sources of Zn (0, 20 mg of Zn/kg as ZnSO 4 ·7H 2 O, and 20 mg of Zn/kg as organic Zn) and 3 sources of Cu (0, 8 mg of Cu/kg as CuSO 4 ·5H 2 O, and 8 mg of Cu/kg as organic Cu) was used. A total of 540 chicks were randomly assigned to each of 9 dietary treatments with 10 replicate cages of 6 chicks. The experiment lasted 21 d. Chicks and feed were weighed at the beginning and on d 7, 14, and 21. On d 21, three chicks from each replicate cage (30 chicks per treatment) were randomly selected. Blood samples were taken by cardiac puncture to obtain plasma. The birds were then killed with argon gas asphyxiation followed by cervical dislocation. Samples of the right tibia, the liver, and a section of the duodenum were obtained and pooled within replicate groups. A 15-cm middle section of duodenum was cut and washed with 0.91% wt/vol NaCl saline solution. The duodenum was then filled with a 3% warm (45°C) agar solution and tied at each end. After cooling immediately in the ice, the duodenum was opened longitudinally. The agar cast was peeled off carefully to separate the luminal mucus layer of duodenum from mucosa (Quarterman, 1987) . The mucosa of duodenum was scraped gently by using a microscope slide and pooled by cage. All of the samples including plasma, tibia, liver, and mucosa of duodenum were stored at −20°C until analysis.
Chemical Analyses
Zinc and Cu in diets, tap water, and tissues were determined with an inductively coupled plasma optical emission spectrometer (Montaser and Golightly, 1992) . Tap water contained no detectable Zn and Cu (<0.001 mg/L). Tibias were boiled in deionized water for 15 min, cleaned of all soft tissue, and dried at 60°C for 72 h. Then they were fat-extracted in petroleum ether in a sealed glass container for 72 h. The ether was changed a couple of times until the color was clear. Then the samples were dried for 12 h at 105°C before ashing at 600°C overnight in a muffle furnace. The ash weight of the tibia was recorded and used for the calculation of total tibia Zn content. Liver samples were homogenized alone by using an Ultra-Turrax T25 homogenizer (Fisher Scientific, Pittsburgh, PA). The feed samples were ground into fine particles (200 mesh) using a coffee grinder. The tibia ash, liver, plasma, mucosa, and feed samples were then microwave-digested with HNO 3 (method 966; AOAC International, 1995) before coupled plasma optical emission spectrometer analysis.
Statistical Analysis
Data were subjected to ANOVA by using the linear model of Statistix V. 8. (Analytical Software, 2003 ). Significant differences among means were determined using Fisher's least significant different test. The experimental units consisted of replicate group averages of all 6 birds per cage for analysis of growth performance data and of 3 randomly selected birds per cage for tissue Zn and Cu values. Significance was declared when probability was less than 5%.
RESULTS
The effects of supplementing the basal diet with inorganic and organic Zn and Cu in corn-soy basal diet on growth performance and tissue mineral content of chicks are shown in Tables 3 and 4 . Dietary supplementation of Zn increased (P < 0.05) weight gain, feed intake, and G:F. A significant interaction between Zn source and Cu source on G:F of chicks was found. Compared with chicks fed the basal diet, the G:F of chicks was improved (P < 0.01) by supplemental Zn. Chicks fed both Zn and Cu provided as the inorganic form had lower (P < 0.01) G:F compared with chicks fed the diet supplemented with inorganic Zn only. Tibia Zn content was increased (P < 0.05) by dietary inclusion of inorganic Zn and further increased (P < 0.05) by supplementing with organic Zn. Dietary supplementation with Zn and Cu increased (P < 0.01) plasma Zn and Cu concentration. Liver Cu concentration was decreased (P < 0.05) by supplemental Zn. The Zn content in the duodenal mucosa was significantly increased by adding the organic Zn to the diet but did not differ significantly from those fed the inorganic Zn. The Cu content in the duodenal mucosa was significantly increased by supplementing both organic Zn and organic Cu.
DISCUSSION
In this trial, a depressed performance of chicks fed the control diet was due to Zn deficiency. To observe Means within a column lacking a common superscript letter differ (P < 0.05).
1 Data presented are means from 10 groups of 6 birds for performance data and from 5 groups of 3 birds for others.
2
Organic Cu is Bioplex Cu and organic Zn is Bioplex Zn (both supplied by Alltech Inc., Nicholasville, KY).
RESEARCH NOTE antagonism between Zn and Cu, a marginal supplemental level of Zn was used. Ao et al. (2006) reported that a minimum supplemental level of Zn in a cornsoy-based diet is 20.1 mg/kg for optimal growth rate of chicks. Supplementation of Zn and Cu provided by sulfate forms of these 2 minerals, but not by organic forms, resulted in significantly lower G:F compared with supplementation of only inorganic Zn. This indicated that an antagonism between Zn and Cu occurred when inorganic forms of these minerals were included in the diet. Supplemental Zn increased plasma and tibia Zn content. The tibias from chicks fed the diet containing organic Zn had significantly higher Zn content than those from chicks fed the diet containing inorganic Zn. These results are consistent with published data by Ledoux et al. (1991) , Miles et al. (1998) , Luo et al. (2005) , Ao et al. (2006 Ao et al. ( , 2007 , Lim et al. (2006) , and Shelton and Southern (2006) . Compared with those fed the basal diets, chicks fed Zn-supplemented diets had decreased liver Cu. Gonzalez et al. (2005) showed that Zn supplementation in rat diet reduced hepatic Cu concentration. The mechanism for this is not known. The authors hypothesized that it could be due to the sequestration of dietary Cu by intestinal metallothionein induced by high dietary Zn content. Studies (Hall et al., 1979; Fischer et al., 1983) showed that high Zn intake induced high metallothionein in the intestinal mucosa that has high binding affinity for Cu. In the present study, the mucosa Cu content from the birds fed organic Zn was significantly higher than that from the birds fed the control diet but did not differ significantly from those fed the inorganic form. This is possibly due to more Zn being absorbed, more metallothionein being produced, and more Cu being trapped in the mucosa of the small intestine when organic Zn was included in the control diet. Based on the feed conversion data, the antagonism between Zn and Cu was observed in this trial when the inorganic forms, but not organic forms, of these 2 minerals were included in a chick diet. Dietary supplementation of Zn in either organic or inorganic form increased growth performance and plasma and tibia Zn content. Organic Zn source caused more Zn accumulation in tibia than inorganic Zn source. Means within a column lacking a common superscript letter differ (P < 0.05).
1 Data presented are means from 30 groups of 6 birds for performance and 15 groups of 3 birds for others.
